Abstract-An experimental study on the turbulent drag reduction in dispersed oil-water flow using different polymers has been conducted at different polymer concentrations and different flow conditions. This study presents the use of fuzzy logic for investigation of drag reduction performance of water-soluble polymers in multiphase flow in pipeline, operated with tap water and model oil. Fuzzy logic is more useful in connecting the multiple inputs to a single output and in contrast to the traditional logics. The objective of this study is to investigate the relationship between drag reduction and working parameters such as molecular weight, mixture velocity, charge density, polymer concentration and oil fraction, to determine how fuzzy logic performs in prediction of drag reduction (DR%). For this purpose several anionic polymers were applied in a two phase flow through a horizontal plexiglass pipe flow loop system of 30.6-mm ID. A 1000 ppm master solutions of each polymer were injected at different mixture flow rates to achieve polymer concentrations in the range of 5 to 30 ppm (optimum concentration) in the mixture flowing through the test section. The drag reduction increased with polymer concentration up to 10 ppm, above which it reached a plateau value. The results showed that drag reduction increases with polymer molecular weight and mixture velocity increase, and the maximum drag reduction affected by the increase in polymer charge density and oil fraction. The minimum drag reduction observed (at oil fraction of 0.5) around 5% and the maximum (always at 0.1 oil fraction) around 60%. Based on the results a fuzzy logic model has developed for the prediction of drag reduction and the prediction is also verified through various results of the rest of polymer. In addition a dimensional analysis is performed to find the best fitting equation to the results, and result shows that a quadratic form of the proposed equation is the most appropriate one among other possible form of equations.
I. INTRODUCTION
Since Toms discovery of drag reduction in 1948 [1] , extensive studies on drag reducing polymers (DRPs) has been done ( [2] , [3] , [4] , [5] ). The successful implementation of this technology has been accomplished in the Trans-Alaska pipeline [6] . DRPs' various specifications such as chemical structure, molecular weight and intrinsic viscosity were investigated at different fluid velocity and pipe diameters ( [7] , [8] , [9] , [10] , [11] , [12] ). Drag reduction in multiphase flow is not so straight forward as single phase due to the occurrence of different flow patterns at different oil/water ratios and mixture velocities. However, drag reduction phenomenon is not well understood, and a number of aspects of drag reduction remain to be investigated. In general, the previous studies indicate that any polymer of an adequately high molecular weight (greater than 1 × 105), or any one which can form high molecular weight aggregates, will performs as an efficient DRP ( [13] , [14] , [15] ). The effectiveness of drag reduction is dependent on several factors, such as polymer molecule size and its conformation, oil properties, molecular interactions, flow rate, polymer concentration, turbulent intensity and flow geometry, [16] .
However some correlations in single phase were developed employing a polymer/oil specific model that expresses the drag reduction in terms of DRA concentration, [6] ,
But a generic model in the multiphase flow has not received attention, in which the polymeric parameter and flow geometry are the limiting factors. In the series of preliminary tests these factors have significant effect on drag reduction, (such as density, flowrate, oil fraction, viscosity and pipe diameter), although experiments to study all individual factors were robust but by means of dimensional analysis a new equation for DR prediction in the multiphase system applied, and between different forms of possible equation the most appropriate one is picked. Fuzzy logic imitates human reasoning, calculations and operations via fuzzy groups and linguistic variables, expressions such as very low, low, high, very high and so on, are used in fuzzy logic as the linguistic variables.
The concept of fuzzy logic is notably suitable for processes with high levels of complexity and uncertainty, oil and gas industry since its inception encountered these types of processes. Hence many processes rely on the expertise and personnel's skills, the fuzzy logic provides personnel to incorporate their knowledge of experienced operations into the control of these processes. A successful example is the enhancement of operation of an engine unit of a pumping station, [17] , and or the design facilitation of a control system as a control support, by application of fuzzy inference to the digital control of pipelines, [18] .
Efforts towards relating measurable properties to DRA performance in both single and multiphase flow have been undertaken since at least the 1960s. For the purpose of DR prediction a new algorithm was developed using fuzzy logic technique to correlate the considered parameters such as molecular weight, charge density, polymer concentration, and oil fraction and mixture velocity. Hence working with five manipulating parameter is robust the Fuzzy modeling of systems which is a technique for the treatment of qualitative information in a rigorous way is chosen, where allowing the reduction of the project complexity, [19] , [20] .
On the other side a dimensional analysis is performed to fit the proper fitted equation with the results; however, in reality drag reduction can be dominantly differed from the predictions due to the variations of operating conditions and flow geometry, so in this work it is attempted to provide a conceptual framework wherein the effects of operating conditions such as oil fraction, mixture velocity, density, viscosity, polymer concentration and polymer hydrodynamic volume on drag reduction be involved in the proposed model, since most widely used model in pipeline industry correlates drag reduction as a function of DRA concentration alone, [21] . The proposed model has been validated over a wide range of operating conditions, polymer concentrations for several types of commercially available polymer. The predicted model latter is validated and modified by the available software Design Expert to figure out the best format of the fitting equation.
II. EXPERIMENTAL SETUP

A. Description of the Flow Loop
A schematic process flow diagram of the rig used in this study is illustrated in Fig. 1 . The experiments conducted in an in-house flow loop made of acrylic pipe with inner diameter (ID) of 30.6 mm. The flow loop is made up of three sections namely storing section, regulating section and test section. The storing section consists of two 1.6 m3 storage tanks (water and oil) and separator tank of 2.0 m3 capacity. The mixture is delivered to the separator tank and separation process is enhanced with the help of a baffle plate inside the tank. A high speed camera (Fastec-Troubleshooter; FASTECIMAGING, USA) was used for visual observation of the flow patterns. After the flow section, the mixture was returned to a separator tank. Honeywell ST 3000 Smart differential pressure transmitter (which has a full scale accuracy of 0.0375%) was connected to the pipe at 10 m from the inlet of the test section to measure the pressure drop through two pairs of pressure tapping over 1 m gap. The master polymer solution with a concentration of 1000 ppm was injected to the water flow line before the oil-water mixing point using a MASTERFLEX pump (Master flex L/P digital console pump drive, manufactured in USA by Cole-Parmer®). The experimental uncertainties of the pressure gradient (for all low 0.8 & 1.0 m/s and high velocity 1.2 & 1.5 m/s) measurements were estimated to be within ±8.0 %, and flowmeter measurements uncertainty were ±2.0 % and ±3.0% for high and low velocities respectively.
The rig is equipped with a computer data acquisition system to automatically record the measured pressure drops. The drag reduction percentage (%DR) was calculated based on the recorded pressure drop data through the test section using the following equation: (2) Where and are the pressure drop without and with DRP injection, respectively. This study was carried out in a horizontal pipe of 24-m long and 30.6-mm ID. The working fluids used in this study were tap water and hydraulic fluid based on mineral oil (Shell Tellus S2 V 15) and tap water, with viscosity of 24, 1 cP and density of 872, 998 kg/m 3 respectively at 25 o C. The variables such as mixture velocity, input oil volume fraction and polymer concentration were considered in this study. The mixture velocities used were 0.8, 1.0 and 1.5 m/s, and for each of the mixture velocity, the flow rates of the oil and water were changed to give input oil volume fraction of 0.1, 0.3 and 0.5
B. Polymer Preparation
The high & low molecular weight water-soluble anionic polymers used in this study, are manufactured by SNF Floerger, France with the commercial names of FLOPAAM3630, FLOPAAM3430S, AN934BPM, AN105SH, AN113SH, AN125, AN125SH and AN125VLM with charge density of 5 to 30%. The polymers' properties are tabulated in Table I . A paddle mixer used to prepare a master solution of the polymer (mixture) solution with concentration of 1000 ppm, before the day of experiment commencement. A known mass of polymer powder was gently added to the shoulder of the vortex formed by the water. The stirring was allowed for 4 hours for the mixture to be completely homogenized after which the master solution was left overnight to ensure complete dissolution. The concentration of 1000ppm was chosen (0.1% w/w) to assures that the solution remains in the range of dilute solution to achieve homogeneous drag reduction where the polymer solution gets dissolved even at short distances after injection point, [22] 
B. Effect of Polymer Concentration
Among the whole results of different polymers at different mixture velocities and input oil volume fractions, drag reduction increased with increase in the polymer concentration reaching plateau values effectively at polymer concentration of 30 ppm. Fig. 2 shows this dependency of drag reduction on the polymer concentration. In addition, there was a spike in the drag reductions up to concentration of 10 ppm, before the drag reductions reaching plateau values. This trend was also reported, [24] , however it was found that the maximum drag reduction is around 20 ppm polymer concentration. It should be noticed that the flow patterns remain unchanged after the polymer injection for the flow conditions used in this study. This is proven by visual observation in this study and quantitatively presented by [23] . Typical to previous drag reduction studies ([25] , [26] ), drag reduction increases with polymer concentration to plateau values above polymer concentration of 20 ppm.
C. Effect of Oil Fraction
Drag reduction decreases monotonically with the increase in oil fraction, showing lower drag reduction, Fig. 3 illustrates this effect when the maximum drag reduction ranging 13-37% for oil fraction of 0.1 (Fig. 2) is decreased to range of 5-32% at oil fraction of 0.3 at same velocity as illustrated in Fig. 3 . However the drag reduction was not observed at higher oil fraction i.e. 0.7, which can be deduced that the water-soluble polymers are effective drag reducers when the water phase is dominant, [26] . 
D. Effect of Polymer Molecular Weight
The effect of molecular weight on the performance of the DRP is illustrated in the Fig. 5 for three polymers FLOPAAM3630, FLOPAAM3430S and AN934BPM with molecular weight of 20, 12 and 5-7 MDa. Drag reduction reached maximum values of around 45% at polymer concentration of 30 ppm for the highest molecular weight polymer (i.e. FLOPAAM3630), and a maximum value of 20% is found using the low molecular weight AN934BPM. It can be observed that the increase in molecular weight increased the drag reduction as it was extensively reported ( [27] ; [28] ; [7] ; [26] ; [29] ).
E. Effect of Charge Density
In the previous study of the authors the effect of the charge density is widely investigated and turned out that polymers with lower charge density and same molecular weight resulted in higher drag reduction, interested readers may refer to the study by [30] , since the molecular weight and the charge density have great effect on the hydrodynamic volume of the polymer chain in solution, which can be indicated by the intrinsic viscosity, so higher hydrodynamic volume results in higher intrinsic viscosity, [31] .
F. Model Development I. Fuzzy Set Theory and Fuzzy Logic System
As it is discussed in the text, the drag reduction depending on many factors which leads in more complexity of the phenomena. More complex a system, less ability to make precision and significant statements about the behavior, until reaching a limit beyond which precise and significance become almost mutually exclusive characteristics, [32] . Up to here five known different factors (inputs) are controlling the drag reduction in this study which are; mixture velocity, oil fraction, molecular weight, charge density and polymer concentration and only on output (i.e. DR%) is unknown. In a real modeling it seems to be difficult to find out a model which fits this problem, so the fuzzy logic toolbox in Matlab is a proper option which can relate the five inputs to one output. For this purpose the different parts of the fuzzy set are determined as rule base, membership function. In the rule base, the linguistic description provided by the expert are introduced to define the rules. For example the term -charge density‖ is used to describe the linguistic variable charge density and the linguistic value of this variable take on the values of -high‖ and -low‖ or the variable -DR%‖ takes values of -low‖, -medium‖ and -high‖. Note that we are using -medium‖ as an abbreviation for -medium drag reduction %‖ and so on for the other variables. Describing the process with linguistics is not always easy, then better understanding of the process parameters and dynamic generally gives a better linguistic quantification. Next, we will use the above linguistic description to specify a set of rules (a rule-base) that obtain the expert's knowledge about how to control the plant.
Since the number of inputs are five, then for each one two linguistic value are defined which gives 25 = 32 rules to describe the plant. For the current case, we have the following rules (no quotes shown, since the whole rule is linguistic):
If (Charge density is Low charge) and (Oil Fraction is Low oil) and (Mixture Velocity is Low velocity) and (Molecular Weight is High MW) and (Concentration is Low Concentration) then (Drag Reduction is Low DR) If (Charge density is High charge) and (Oil Fraction is Low oil) and (Mixture Velocity is High velocity) and (Molecular Weight is High MW) and (Concentration is Low Concentration) then (Drag Reduction is High DR), etc.
Using the same approach, it is possible to write down rules for the drag reduction for all possible cases. Up to this point it is quantified the expert's knowledge how to control the process. Then the expert needs to quantify the meaning of the linguistic values using -membership functions. Where subscripts ‗‗pred'' and ‗‗exp'' represent the predicted and experimental values, respectively. The average absolute percent error (AAPE) is calculated to evaluate the prediction capability of the model by fuzzy logic, equation is given by (4) The standard deviation of the predicted value from the experimental is used to measure the spread of the data about the mean value. The equation which is also known as the root mean square percent error can be expressed as (5) It should be noticed that due to negative values of some of the data, they are not used herein this section. Then for each oil fraction, 28 results (at 4 different polymer concentration and 7 polymer) were read which gives 336 individual results.
Graphical presentation of the fuzzy logic outputs are illustrated in the Fig. 6 , which is demonstrating the DR% vs MW and polymer charge density which implies that by increasing the molecular weight the DR% as expected is increased. From Fig. 6 also it is observed that if increasing the charge density is in favor of the molecular weight increase, an advantage of drag reduction efficiency rise up is expectable, for instance following line 35% of drag reduction shows that a by increasing the charge density for a constant DR% the molecular weight must be reduced, but this is up to median value of 20% after which the increase in molecular weight is inevitable, or it could be mentioned that the molecular weight has more pronounce effect as one of the limiting factor in the drag reduction phenomena.
The following Table II presents the actual and predicted values of DR% at different conditions, alongside the average percent error, (APE), average absolute percent error (AAPE). The negative percent error shows that the values of predicted are less than the measured values, and this error is higher at all velocities around the oil fraction of 0.5, however there is no good reason for this except the phase inversion phenomena which ordinarily happens around this fraction of oil when the dominant phase is changed and the pressure gradient is at its highest value. The values of the DR% after phase inversion are negative that could be due to two reasons, first the nature of the polymer which is a water-soluble one, so in the circumstance of oil dominant phase the polymer is not applicable anymore, [16] ; second the change in the flow property which is shifted from turbulent to a laminar flow where the drag reduction is not taking place in the laminar region, [33] . Therefore the prediction is not fairly accurate at this point.
II. Predictive Model
It has been revealed that concentration, hydrodynamic volume, density, flowrate, viscosity, oil fraction and flow geometry have significant effects on the drag reduction. Therefore, using Buckingham theorem for a total of seven variables (i.e. DR, density, viscosity, velocity, pipe diameter and dimensionless hydrodynamic volume and dimensionless concentration) with three repeating variables (i.e. density, viscosity and pipe diameter), the three terms become: And (6) Where hydrodynamic volume is a characteristic of polymer obtained by multiplying of the concentration by its intrinsic viscosity.
The mixture density and viscosity in dispersed flow as shown in Eqs.6 and 7, where ε denotes the volume fraction of the dispersed phase and c and d denote the densities of the continuous and dispersed phases respectively.
(7) Various models for the emulsion viscosity have been proposed in the literature [see e.g. [34] , [35] ] and in this study the model as proposed by [36] is used, in which the constants c1 and c2 are dependent on the continuous phase according to: c1=1.558 and c2=1.66 for oil continuous flow and c1=1.307 and c2=1.18 for water-continuous flow. (8) Different forms of functions were proposed for the best reduction in variability as a function of Reynolds number, hydrodynamic volume and polymer concentration. t However, the negative values of the DR for some of the polymers in the previous study by this group created aa major problem., Because of this, the drag reduction equation was reordered to give the pressure ratio as was shown earlier in the text, Therefore, the dimensionless pressure ratio term -PR‖ was used in the functions instead of the term ‗DR' and the equation changed to the following form:
(9) Using the available method of error minimization (Least Squares Method) the above equation was fitted to the 384 results of different polymers in the rig and the following values were found a1=2.029, n1=-0.103, n2=-0.115, n3= -0.191
The R2 value was 0.3501, meaning that the proposed model is not very good for this study. To improve the model, its format was changed and coded value of the data was used in this stage instead of dealing with a large number of data which is cumbersome. Thereafter, the results are transformed to a domain of [-1,1] using the following equation;; (10) Taking advantage of this method, three more different form of proposed model were fitted to investigate the best fitting equation, so the general form of the proposed equation will be as follows: (11) The possible equations are linear, 2 Factorial and Quadratic one. Using the same method of error minimization in Excel Table III gives the constants for each equation as well where it gives values of R 2 = 0.4211, R2=0.4540 and R2= 0.6028 for linear, 2Factorial and Quadratic respectively.
The impact of selected three parameters: was investigated on PR, by the response-surface methodology using design expert. So the experimental results were analyzed through RSM to obtain an empirical model for the best response. As it was expected the quadratic model was suggested to explain the mathematical relationship between the independent variables and dependent responses as it is represented by the former equation in the text. The calculated Fischer values (F-test) and thereby the probability values (P value) were calculated, and the significance of each parameter was identified for P values of lower than 10%, as can be seen in Table IV. The Model F-value of 63.06 implies the model is significant. Values of "Prob > F" less than 0.05 indicate model terms are significant. In this case a1, a2, a3, b2, c1, c2 and c3 are significant model terms. Values greater than 0.1 indicate the model terms are not significant. The adjusted coefficient of determination was calculated sufficiently high (R2 adj = 0.5932), which shows a good agreement between the model and experiments.
The residual analysis of the model is presented in Fig. 7 &  8 . Fig. 7 represents the normal probability plot of the residuals, which shows a linear relationship. It proves that the random error is independently and normally distributed. Fig. 8 presents predicted model versus experimental response that shows a negligible scattering pattern around the bisector, [37] .This quantitative and qualitative approach indicates that constructed model can predict the experiments with fairly well precision. IV. CONCLUSION Drag reduction phenomena is an example of the complicated phenomena in the industry and literature where the phenomenon depends on many parameters such as molecular weight, hydrodynamic volume, polymer structure, and etc. In addition the flow geometry also affects the performance of DRPs as well, therefore its prediction needs a good knowledge of the condition that gains by the experts through the process. Fuzzy logic as a superset of standard logic deals with the partial truth, can be used to solve real life problems. In this study the performance of different DRPs whit different properties were investigated in a series of experiment and then predicted via fuzzy logic whit in a good agreement with the experimental results. Additionally the effort was done to fit different equations with the experimental results, where eventually a quadratic equation could hand in the best fitting for the experimental results. In addition the results implied that the effects of molecular parameters of the polymer involved in the chain flexibility in solution, are crucial in its ability to be an effective drag reducing agent in multiphase oil-water flow. For the investigated polymers in this study, polymer flexibility is enhanced with higher molecular weight and lower percentage of charged groups in the main backbone of the polymer chain. Only in the case of increasing the molecular weight the adverse effect of charge density increase is negligible
